From 1965 to 1990, the prevalence of cigarette smoking among US adults (aged >18 years) fell steadily and substantially. Data for the 1990s suggest that the smoking initiation rate is increasing and that the decline in the prevalence of smoking may have stalled, raising the fear that the historical 25-year decline will not continue. The authors used a new dynamic forecasting model to show that although the decline may slow down, the demographics of smoking imply that prevalence will inexorably continue to decline over the next several decades, even without any intensified efforts aimed at tobacco control. The authors estimated and validated the model using historical data collected by the National Health Interview Surveys on the prevalence of smoking among adults. Their results indicate that the current increase in the smoking initiation rate partially explains the fact that the prevalence of smoking has apparently leveled off, but even if the most grim assumptions about future initiation rates are used, the prevalence of smoking among adults will continue to decline for several more decades. The authors predict that if current initiation and cessation behaviors persist, the prevalence of smoking among adults will automatically decline from its current level of 25% to 15-16% by the second quarter of the next century. Even so, smoking will remain the nation's leading cause of premature death. Am J Epidemiol 1998;148:249-58.
The prevalence of smoking among US adults fell steadily and substantially for a quarter of a century following the 1964 publication of the first Surgeon General's report on smoking and health (1) . In 1965, the prevalence was 42 percent; by 1990, it had fallen to 25 percent (2) . The decline was particularly notable among men (prevalence fell from 52 percent to 28 percent, respectively). However, recent data suggest that the decline may have stalled. Government surveys through 1994 show that the prevalence of smoking among adults is holding steady at about 25 percent (3) . Data on the 30-day prevalence of smoking among high school and junior high school students, the harbinger of future smoking patterns, show annual increases since the beginning of the decade (4) . Health officials have expressed alarm at the apparent leveling off of the prevalence of smoking among adults and the po-tential for a future increase, as suggested by the increasing number of teenagers who smoke.
We think that the alarm is misplaced. Although it is certainly possible that the decline in the prevalence of smoking will slow, the demographics of smoking imply that prevalence will inexorably continue to decline over the next several decades, even without any intensified efforts aimed at tobacco control. Indeed, if it is assumed that contemporary patterns of smoking initiation and cessation do not change, adult prevalence will automatically fall to about 16 percent by the end of the first quarter of the next century. This decline will be the inevitable result of the aging of the population and of anticipated birth and mortality patterns, combined with peak cohort-specific values for smoking prevalence, contemporary prevalence, and cessation rates. It can be understood by recognizing that today's higher prevalence of smoking reflects the smoking (and cessation) histories of many cohorts of smokers who joined the pool at different (and, over time, decreasing) initiation rates. For example, when the cohort of current (1997) 50-year-olds was aged 18 years, their prevalence of smoking was 46 percent. Such a high prevalence for people aged 18-24 years has not been observed since then (1965) . Even the most grim predictions about future initiation rates are far below 46 percent. Although initiation rates may be rising and may continue to rise in the near future, the overall prevalence of smoking is still likely to decline, because older smokers who joined the pool at extremely high prevalence rates continue to boost the aggregate rate of smoking. These smokers are gradually disappearing from the pool because of death and smoking cessation, both of which will continue to reduce the overall prevalence. In this paper, we describe the model used to derive this conclusion and consider how robust our findings are concerning plausible changes in smoking behavior among young people and in cessation behavior among older cohorts.
MATERIALS AND METHODS Model
We used a dynamic model to forecast the future prevalence of smoking among US adults (aged ^18 years), computing prevalence over time by tracking the inflow of new smokers and the outflow of smokers caused by death or smoking cessation (figure 1). The mathematical specification for the model follows:
I,
Age (a) -size of the cohort aged a years in year / = number of current smokers aged a years in year t -prevalence of smoking among individuals aged a t to a f years in year t = death rate in year t among individuals in the general population aged a years = death rate in year t for smokers aged a years = smoking cessation rate in year / among smokers aged a years = prevalence of smoking among 18-yearolds in year t -size of the birth cohort in year t (6) The number of people aged a years in year t was computed by multiplying the number of people aged a -I years in year t -1 by the appropriate survival rate (1 -death rate). Birth cohort sizes were supplied exogenously to the model. The model ignores the effect of migration on future population size and the prevalence of smoking. Patterns of smoking among future immigrants cannot be predicted. Given the small size of the immigration pool with respect to the domestic population, this omission is not likely to bias our results substantially.
Death rates were differentiated by year, age, and smoking status. The number of current smokers in any given year was estimated as the number of current smokers in the previous year who survived to the current year and did not stop smoking. The prevalence of smoking at age 18 years, supplied exogenously to the model for each cohort under study, was used to calculate the size of each year's cohort of new adult smokers. The prevalence of smoking among any specific age group in a specific year was computed as the ratio of current smokers to the total number of people in the group in that year.
The model assumes that no smoking initiation occurs after age 18 years, when prevalence attains its peak value for the cohort. After age 18 years, smoking cessation drives the dynamics of the model. This is consistent with data showing that by the 1980s, almost all regular smokers began smoking before age 20 years; by 1991, the mean age of becoming a daily smoker was 17.7 years (5).
The model uses smoking cessation rates as the parameters to be estimated from historical data on the prevalence of smoking. The model recognizes that cessation rates have changed historically with age and cohort. Existing data show that among cohorts bom before 1935, cessation rates appear to be influenced primarily by calendar year, whereas cessation rates for more recent cohorts appear to be determined by age; cessation rates are generally higher among those who are older (6) . Preliminary analysis of the available data led to the age-group breakdown given in expression 6 above. Additionally, it was particularly important to allow for different values of the cessation rate before and after 1980. Given that our observations consisted of prevalences of smoking, we were only able to estimate net rates of change in prevalence; that is, initiation and cessation rates were necessarily confounded in our estimates. Prior to 1980, a noninconsequential proportion of individuals, particularly women, became regular smokers after age 20 years. Therefore, rates estimated for that period do not truly correspond to cessation rates, particularly among those in the younger age group. This was not the case after 1980, when people rarely began smoking after age 20 years.
Parameter estimation
To use the model to forecast the future prevalence of smoking, we first had to estimate the smoking cessation rates used by the model. The estimation procedure could also be used to test the conformance of the model to historical data. The procedure is described below.
Data. To estimate cessation rates, we collected data on the past prevalence of smoking. Specifically, we used data on the prevalence of smoking among groups aged 18-24, 25-44, 45-64, and ^65 years in 1970, 1974, 1978-1980, 1983, 1985, 1987-1988, and 1990-1993 . These prevalences were estimated by the Centers for Disease Control and Prevention from the National Health Interview Surveys (2) . The data are shown in table 1.
The National Health Interview Survey is a principal source of information on the health of the civilian noninstitutionalized population. The annual survey consists of a basic set of health, socioeconomic, and demographic questions. To determine the prevalence of smoking among adults, defined as individuals aged 18 years or older, the survey collects self-reported information on cigarette smoking from that group. Prior to 1992, the survey defined current smokers as those who answered "yes" to the following two questions: "Have you smoked at least 100 cigarettes in your entire life?" and "Do you smoke cigarettes now?" Since 1992, the second question has been replaced by the following: "Do you smoke cigarettes every day, some days, or not at all?" Current smokers are now defined as those who have smoked at least 100 cigarettes and now smoke either every day or on some days. According to the Centers for Disease Control and Prevention, explicitly including "some days" of smoking in the definition of current smoking increases the overall estimate of the prevalence of smoking by approximately one percentage point as compared with the old definition (7). To make the reported estimates of prevalence comparable in our analysis, we subtracted one percentage point from the prevalence data reported in 1992 and 1993 and thus made all the observations consistent with the old definition of prevalence.
Data on age-specific death rates for the general population were obtained for 1970-1990 from the Statistical Abstracts of the United States (8) . We assumed 1990 death rates for the years after 1990. Death rates for current smokers were obtained from the 1986 National Health Interview Survey National Mortality Followback Study (9) , which estimated age-and gender-specific death rates for current smokers. To combine death rates for males and females into a composite figure for the general population, we weighted the gender-specific death rates by the proportion of male: female current smokers of each age. We used these composite death rates to calculate the age-specific relative risk of death between current smokers and the general population in 1986. To calculate death rates for current smokers in years other than 1986, we multiplied each year's death rates for the general population by the age-specific relative risk between current smokers and the general population observed in 1986. We acknowledge that using this procedure produced only approximate results. As the prevalence of smoking changes, the death rates for the general population (which includes smokers) will change and so will the relative risk between current smokers and the general population. However, this effect is not large enough to have influenced our results. We performed a sensitivity analysis on this assumption by repeating the analysis described in this paper using just the 1970 death rates for the general population (as opposed to those for 1970-1990); we obtained almost identical results.
Estimation procedure. The dynamic model specified in the previous section was implemented using an EXCEL spreadsheet software program (Microsoft Corporation, Redmond, Washington). We estimated the unknown parameters (the six cessation rates; see expression 6) by selecting the set of values that resulted in the model conforming as closely as possible to past observations on the prevalence of smoking. The method of weighted least squares was chosen as a measure of distance between model response and data. Weights were included in the estimation procedure because the variances in the observed prevalences of smoking among the distinct age groups differed and therefore conveyed different quantities of information for the estimation of parameter values. Observed prevalences were defined as the ratio of the number of smokers in a particular age group to the total number of people in that age group. Because the age groups contained different populations and the sample sizes were not adjusted to reflect this fact, the smaller the population size (and hence the sample size) of the age group, the "noisier" the observed prevalences. The appropriate set of weights to use was one that was proportional to the inverse of the variance of the observations (10) . Fortunately, along with the observed prevalences for specific age groups, the data source included the maximum difference between the upper and lower 95 percent confidence limits corresponding to those prevalences (table 1). Assuming that the prevalences were distributed normally for a given sample size, we used this difference to estimate the variance in the observed prevalence. The calculated variances in the observations were used to weight the observations regarding prevalence used in the estimation procedure.
The weighted least-squares estimation procedure was carried out by feeding the response of the dynamic model and the observed data into a minimization routine that controlled the changes in the parameter values until the optimization criterion was satisfied. This combination of dynamic model and optimization routine to estimate parameters has been used previously. For example, Narasimhan et al. (11) used this combination to estimate parameters for a dynamic model of the effects of price and quality on sales response. The optimization routine used to estimate the parameters of our model was the generalized reduced gradient (GRG) algorithm, an optimization technique for solving nonlinear problems. A current version of the algorithm, GRG2, is embedded in the "Solver" component of the Microsoft EXCEL spreadsheet software program. Details on the GRG algorithm are provided by Lasdon et al. (12) . Details on the estimation procedure and on other statistical analyses described in this paper are presented in the Appendix.
RESULTS

Estimation results
The estimated values and the lower and upper limits of the 95 percent confidence intervals for the six cessation rates specified in the model are given in table 2. The results show that the smoking cessation rate rose sharply with age and increased for all age groups from 1970 to 1993, consistent with prior expectations. After 1980, coefficients for the rates corresponding to the two older age groups were significantly different from 0. For the period 1970-1980, just the coefficient for the oldest age group was statistically significant Again, note that particularly during the earlier time period, estimates of the cessation rate were confounded by initiation rates. This confounding had the effect of downwardly biasing the estimates and might partially account for the lack of significance in some of the coefficients. The significance test was conducted by linearizing the model around the estimated values for the parameters and computing their asymptotic covariance matrix. Once the variances of the estimates were calculated, a Z test could be readily performed to test the significance of the coefficients.
The model produced an extremely good fit for the data. The overall adjusted R 2 was 0.98. Figure 2 shows the fit of the model to data on the overall prevalence of smoking among adults (all four age groups combined).
Given that the observations for each specific age group constituted a time series of 18 elements, autocorrelation in the series could have biased our estimates of the standard errors of the model parameters.
To test for autocorrelation, we first assumed that if it existed, it was defined by an autoregression process of order one (10) . Furthermore, we assumed that the same autocorrelation structure existed among the four different age groups. Thus, we merely had to estimate the statistical significance of one correlation coefficient to determine whether autocorrelation existed in the data. Because of gaps in the series, not all the data could be used to determine autocorrelation. After the estimation was completed, and without considering any autocorrelation structure, we computed 1-year differences in the residuals and tested for first-order autocorrelation according to the procedure described by Schmidt (13) . The null hypothesis that such autocorrelation did not exist could not be rejected at the 5 percent significance level.
The likelihood ratio test was used to test alternative model specifications. In particular, we tested the hypothesis that no statistically significant differences existed among the post-1980 cessation rates for the three age groups (age 18-30, 31-50, and ^51 years). We focused on the post-1980 cessation rates because they were used to forecast future prevalence. Explicitly, the following hypotheses were tested:
against the following alternative specification:
The two hypotheses were rejected at the 5 percent significance level. Thus, we concluded that the three post-1980 estimated cessation rates were significantly different. Given the fact that the prevalence of smoking has apparently stalled in recent years, it was particularly important to test the hypothesis that cessation rates during the 1990s were not significantly different from those during the 1980s. Thus, we reestimated the model, allowing the cessation rates from 1990 and subsequent years to differ from the corresponding rates during the 1980s. Using the likelihood ratio test, we did not find a statistically significant difference between the cessation rates during the 1980s and those during the 1990s at the 5 percent significance level. We concluded that there is no basis for assuming that smoking cessation rates during the 1990s are lower than those that occurred during the 1980s.
Forecasting results
Using the post-1980 estimated cessation rates, we forecasted the future prevalence of smoking in the United States until the year 2100 to permit the model to reach a steady-state solution. The size of all future birth cohorts was held constant at the size of the average birth cohort in 1981-1990 (3,643,582). Sensitivity analysis was conducted on the future prevalence of smoking among 18-year-olds. The prevalence of smoking was 25.8 percent among the group aged 18-24 years in 1993. The prevalence among members of this age group has been declining steadily for more than two decades. It has not reached 30 percent since 1985 or 35 percent since about 1975. To forecast future prevalence, we examined the behavior of the model assuming that the prevalence of smoking among 18-year-olds would remain constant at one of the following rates: 20, 25, 30, or 35 percent. At 27 percent, the current prevalence among 18-year-olds is between the two middle figures just cited. The other two prevalences were selected as extreme cases to permit sensitivity analysis. In particular, 35 percent represents a worst-case scenario. Use of a 20 percent prevalence rate among youths reflects the potential impact on the eventual prevalence of smoking among adults of modestly successful policies directed toward reducing the prevalence of smoking among youths. Figure 3 shows the forecasted prevalence of smoking among US adults given these four selected percentages for the prevalence of smoking at age 18 years. If cessation rates do not decline from those exhibited during the 1980s, the overall prevalence of smoking among US adults will continue to fall, even given an unlikely 35 percent rate for 18-year-olds. The results show that if current cessation behaviors persist, and given a 25 percent prevalence of smoking at age 18 years, the prevalence of smoking among adults will decline from its current level of 25 percent to a steadystate value of 15-16 percent by the second quarter of the next century. Prevalence rates of 20, 30, and 35 percent will produce steady-state prevalence rates among adult smokers of 12.2, 18.4, and 21.5 percent, respectively.
The nearly steady prevalence of smoking among US adults during the 1990s (figure 2) has led many to believe that, short of dramatic new smoking-control policies, prevalence will no longer decline. We examined the increase in the initiation rate (peak prevalence at age 18 years) necessary to stabilize the prevalence of smoking at the current level of 25 percent. We performed this experiment using two sets of cessation rates: those estimated for the post-1980 period and the lower limits of their corresponding 95 percent confidence intervals. Note that the second set of cessation rates corresponds to a very unlikely worst-case scenario. We found that among 18-year-olds, the prevalence necessary to maintain the current level of prevalence among adult smokers (25 percent) was 41 percent for the first set of cessation rates and 35 percent for the second. Current rates of smoking initiation are about 27 percent, which implies that unless initiation rates rise to well above 35 percent, the overall prevalence of smoking among adults will continue to decline, regardless of whether significant new tobacco-control initiatives are adopted.
DISCUSSION
Data on the prevalence of smoking during the 1990s suggest that the prevalence among adults has stalled, raising the fear that the historical 25-year decline will not resume. Our results suggest otherwise. If agespecific smoking cessation rates remain stable at the levels exhibited during the 1980s, overall prevalence is likely to continue declining during the remainder of the 1990s and through the next decade. In fact, we predict that the overall prevalence of smoking will continue to fall even if the initiation rate rises to 35 percent, a level not reached since 1975. Given current initiation rates, the decrease in cessation rates necessary to maintain the current prevalence of smoking is extremely unlikely. We are not implying that the prevalence of smoking will drop naturally to 0. On the contrary-we predict that if current conditions persist, the prevalence of smoking will eventually stabilize at 12-22 percent.
Four reasons may account for the fact that the current prevalence of smoking among adults has apparently stalled. First, even though prevalence is still declining (as indicated in figure 2), our model suggests that the rate of decline is slowing. Given this flattening of the prevalence of smoking among adults, it is more difficult than it was 10 years ago to estimate the slope of the series of prevalence observations, for instance, given the same number of data points.
Second, the prevalence of smoking has been sampled far more frequently during the 1990s than it was during any earlier period. An inference of trend based on such closely clustered observations might be clouded by noise in the series.
Third, as discussed previously, in 1992 the National Health Interview Survey changed its definition of current smokers to explicitly include "some days" smokers, many of whom likely escaped categorization as smokers in prior years' surveys. The Centers for Disease Control and Prevention estimates that this change increased their measure of prevalence by about one percentage point as compared with the old definition. This artificial increase in prevalence creates the impression that when pre-and post-1992 values for the prevalence of smoking are compared, the trend has disappeared. We adjusted their prevalence estimates for 1992 and 1993 downward by one percentage point. The adjustment suggests a continuing decline in prevalence ( figure 2) .
Fourth, smoking initiation rates among teenagers have risen during the 1990s. As discussed above, these rates are not high enough to stall the decline in the overall prevalence of smoking, but they will definitely slow its decrease, and they provide some explanation for the apparent stabilization of the smoking trend. This surge in smoking among teenagers may reflect a response to significant decreases in the price of cigarettes. For several years now, lower-priced generic and discounted brand cigarettes have become more popular; they now account for over 40 percent of the entire cigarette market. In response to the growing popularity of discounted brands, the major cigarette producers dropped the price of their premium brands by 40 percent in April 1992. The net effect is that the average retail price for cigarettes, adjusted for inflation, is lower today than it was in 1991. A wealth of evidence demonstrates that price significantly affects smoking rates (14) .
Our analysis indicates that cessation rates have been reasonably stable for at least 15 years. This finding implies that if the prevalence of smoking is really stalling because of changes in the population's smoking behavior, this modified behavior is more likely to correspond to initiation rates than to cessation rates. Although we anticipate that the prevalence of smoking among adults will continue to decline even if initiation rates rise to 35 percent, the eventual decline will be modest-to about 21.5 percent. If, in contrast, initiation rates among youths can be reduced to 20 percent from their current level of about 27 percent, adult prevalence will decline to a steady-state rate of just over 12 percent. The difference is substantial in terms of the burden that smoking will place on the health of Americans well into the next century.
This paper attempts to forecast the prevalence of smoking into the next century, assuming that current initiation and cessation trends persist. Through aggressive education and policy efforts, the health toll from tobacco can be reduced to well below its present rate. However, even if our most optimistic assumption about smoking initiation is realized, nearly an eighth of US adults will be smokers in the middle of the next century, and the health toll from smoking will remain extraordinarily high. The health of our children and their children will depend on our not resting on the tobacco-control achievements realized to date.
APPENDIX
This appendix presents details on the data and analysis mentioned in the "Materials and Methods" section of this paper. Expressions 1-6 in that section outline the forecasting model used.
DATA
Data from the National Health Interview Surveys on the prevalence of smoking among adults were used to estimate parameters (cessation rates) for the model. These prevalences were available for selected years and for the following age groups: age 18-24, 25-44, 45-64, and ^65 years. These data are shown in table 1 of the text.
PARAMETER ESTIMATION
We used the method of nonlinear weighted least squares to estimate the model. A weighting matrix for the data was used to account for the fact that variances in the prevalence among different age groups were likely to be unequal because the population sizes of the groups differed. The weights were selected to be proportional to the inverse of the data variances so they would closely follow a generalized least squares estimation procedure (10) . These variances were estimated from the reported maximum difference between the upper and lower 95 percent confidence limits for the data. If a normal distribution for the data is assumed, diis difference is related to the variance by using the following expression: 
CONFIDENCE INTERVALS
Ninety-five percent confidence intervals were developed for the estimated cessation rates. The asymptotic covariance matrix of these estimated coefficients is as follows (10): where the multiplicative scalar in the expression can be computed as follows:
Partial derivatives in the above expression were computed numerically using an EXCEL spreadsheet. Matrix computations were performed using MATLAB software (The MathWorks, Inc., Natick, Massachusetts). The resulting asymptotic covariance matrix for the estimated cessation rates follows: The 95 percent confidence intervals for the cessation rates were obtained by assuming that these parameters were asymptotically normally distributed. For instance, the 95 percent confidence interval for v x is as follows: -0.00953 ± 1.96 X ^.001479 X 0.0283
The lower and upper limits of the 95 percent confidence intervals for the estimated cessation rates are shown in table 2 of the text.
ALTERNATIVE MODELS
Several alternative specifications for the cessation rates were formulated to test whether the data supported a more parsimonious model. Since the post-1980 cessation rates were to be used for forecasting, restrictions were imposed on such rates in the alternative specifications to simplify the model. Specifically, the following alternative models, identified by the restrictions on the v's, were proposed:
These two models were tested against the alternative specification:
which corresponds to the original (unrestricted) model discussed in the paper. We tested the proposed restrictions on the model using the likelihood ratio test (10) . The following notation describes the procedure: Appendix table 2 shows, for each proposed model, its calculated A^ and the critical value necessary to reject the restrictions. The values in this table indicate that the two restricted models were rejected in favor of the unrestricted model.
We used the likelihood ratio test to examine the hypothesis that 1990s cessation rates do not differ from 1980s rates. To test this hypothesis, we reestimated the model allowing cessation rates from 1990 and subsequent years to differ from those that occurred during the 1980s. Thus, we added three new parameters to the model: i^, vg, and vg, which represent the 1990s cessation rates corresponding to the age groups 18-30, 31-50, and >50 years, respectively. Specifically, we tested the following restrictions: versus a fully unrestricted model, where all cessation rates are allowed to differ.
For this test, we obtained A^ = 2.60. With three restrictions, at the 5 percent significance level, the critical value needed to reject the null hypothesis was^( 3,0.05) = 7.81. Therefore, we cannot reject the restricted model and conclude that the 1990s cessation rates are no different from the 1980s rates. In fact, the p value for this test is 30-50 percent.
AUTOCORRELATION
First-order autocorrelation in the model was tested according to the procedure described by Schmidt (13) . Appendix table 3 gives the residuals (e,) of the model (observed minus predicted value) that correspond to contiguous observations.
Under the null hypothesis that the first-order autocorrelation in the residuals is equal to 0, the statistic ft x is asymptotically normally distributed with a mean of 0 and a variance of 1 (13) . At the 5 percent significance level, we would reject the null hypothesis if the absolute value of the statistic were greater than 1.96. When evaluating the statistic given our data, we obtained the following: 0.000508 0.002556 = 1.19 < 1.96
Therefore, we do not reject the null hypothesis that there is no first-order autocorrelation in the data, and our estimates of the standard errors are appropriate. 
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